This study sought to investigate in situ oxygen isotopes (δ 18 O) within alluvial colorless-white to blue sapphires from the Orosmayo region, Jujuy Province, NW Argentina, in order to provide additional constraints on their origin and most likely primary geological environment. Analyses were conducted using the in situ SIMS oxygen isotope technique on the same grains that were analyzed for their mineral inclusions and major and trace element geochemistry using EMPA and LA-ICP-MS methods in our previous study. Results show a significant range in δ 18 O across the suite, from +4.1% to +11.2% . Additionally, akin to their trace element chemistry, there is significant variation in δ 18 O within individual grains, reaching a maximum of 1.6% . Both the previous analyses and δ 18 O results from this study suggest that these sapphires crystallized within the lower crust regime, involving a complex interplay of mantle-derived lamprophyres and carbonatites with crustal felsic rocks and both mantle-and crustal-derived metasomatic fluids. This study reinforces the importance of the in situ analysis of gem corundums, due to potential significant variation in major and trace element chemistry and ratios and even oxygen isotope ratios within discrete zones in individual grains.
Introduction
Since the seminal paper of Giuliani et al. (2005) [1] , oxygen isotopes have been widely used in order to help constrain the likely geological environment of formation for gem sapphires and rubies, especially those from alluvial deposits whose primary formation is unknown [1] [2] [3] [4] [5] , such as in the case of the sapphires from this study.
Although worldwide corundum oxygen isotope values cover a wide range from −27% (Khitostrov, Russia) to +23% (Mong Hsu, Myanmar), most are in the range of +3% to +21% [1, 3, [6] [7] [8] [9] . This criterion has often been used to determine the geological origin of colored corundum, and especially the gem corundums, rubies and sapphires. However, there are only a few studies on in situ oxygen isotope analysis of gem corundums [10, 11] . The next research frontier is the use of in situ oxygen isotopic compositions combined with detailed LA-ICP-MS and multivariate statistical methods to help "fingerprint" the geographic location (i.e., geographic typing) of gem corundums. Orosmayo (located at approximately 22 • 15 S-66 • 25 W) is located on the western slope of the Sierra de Rinconada, Jujuy Province, within the San Juan de Oro Basin of northwest Argentina (Figure 1 ; [14, 15] ). The area forms part of the Puna of northwestern Argentina which connects with the Altiplano of Bolivia to form a plateau [14, 16] . The sapphires were sampled from stream sediments located at approximately 22 • 30 S and 66 • 30 W (see Harris et al. 2017 ; [15] ).
Materials and Methods
The same exact grain mounts used in the previous study of Harris et al. (2017) [15] were also used in this study with the addition of a standard (PAR-1; see Wang et al. 2019 [11] ), which was embedded into each polished mount before they were then repolished. This study analyzed 16 sapphire grains (AC-1 through to AC-16) obtained from the 37 original grains analyzed by [14] . The sapphires from this region range in size from a few mm up to 10 mm and all represent a single group in terms of their overall morphology and colors. However, for this study, the smaller grains were used in order to analyze as many grains as possible. The selected grains were mounted in two epoxy discs, with eight grains on each disc, and polished prior to analysis.
Secondary Ionization Mass Spectrometry (SIMS)
The oxygen isotope analyses were made using secondary ion mass spectrometry (SIMS) for the analysis of different areas of selected sapphire grains in situ to measure oxygen isotope ratios with per mil (% ) level precision. For this technique, oxygen ( 18 O/ 16 O) isotope ratios were analyzed using a Cameca IMS 1280 multi-collector ion microprobe within the Centre for Microscopy, Characterisation and Analysis (CMCA), University of Western Australia (UWA). The materials examined included the 16 variously colored and zoned sapphire grains (AC-1 to AC-16), which were embedded in the middle of one-inch-diameter resin mounts and polished flat. Results were calibrated using the standard PAR-1 Minerals 2019, 9, 390 3 of 13 of Wang et al. 2019 [11] embedded in a separate mount and measured before and after unknown mounts. Each analysis point is clearly marked on the sample images (Figure 2a The sample mounts were carefully cleaned with detergent, distilled water, and ethanol in an ultrasonic bath and then coated with gold (30 nm in thickness) prior to SIMS O isotope analysis. For the oxygen isotopic analyses, secondary ions were sputtered from the sample by bombarding its surface with a Gaussian Cs + beam and a total impact energy of 20 keV. The surface of the sample was rastered with a 2.5 nA primary beam over a 15 × 15 µm area. An electron gun was used to ensure charge compensation during the analyses. Secondary ions were admitted in the double focusing mass spectrometer within a 100 µm entrance slit and focused in the center of a 4000 µm field aperture (100× magnification). They were energy-filtered using a 30 eV band pass with a 5 eV gap towards the high-energy side. 16 O and 18 O were collected simultaneously in multicollection mode in Faraday Cup detectors fitted with 10 10 (b) The sample mounts were carefully cleaned with detergent, distilled water, and ethanol in an ultrasonic bath and then coated with gold (30 nm in thickness) prior to SIMS O isotope analysis. For the oxygen isotopic analyses, secondary ions were sputtered from the sample by bombarding its surface with a Gaussian Cs + beam and a total impact energy of 20 keV. The surface of the sample was rastered with a 2.5 nA primary beam over a 15 × 15 µm area. An electron gun was used to ensure charge compensation during the analyses. Secondary ions were admitted in the double focusing mass spectrometer within a 100 µm entrance slit and focused in the center of a 4000 µm field aperture (100× magnification). They were energy-filtered using a 30 eV band pass with a 5 eV gap towards the highenergy side. 16 O and 18 O were collected simultaneously in multicollection mode in Faraday Cup detectors fitted with 10 10 Ώ and 10 11 Ώ , respectively. Each analysis included pre-sputtering over a 20 µm × 20 µm area for 30 s, and the automatic centering of the secondary ions in the field aperture, contrast aperture, and entrance slit, and consisted of 20 four-second cycles which give an average internal precision of ~0.16‰ (2 standard error (SE)).
External reproducibility during the analytical sessions was evaluated by repeating analyses in one single fragment of PAR-1. External reproducibility in this fragment was 0.3‰ and 0.4‰ (2σ) during the analytical sessions. The sample mounts were carefully cleaned with detergent, distilled water, and ethanol in an ultrasonic bath and then coated with gold (30 nm in thickness) prior to SIMS O isotope analysis. For the oxygen isotopic analyses, secondary ions were sputtered from the sample by bombarding its surface with a Gaussian Cs + beam and a total impact energy of 20 keV. The surface of the sample was rastered with a 2.5 nA primary beam over a 15 × 15 µm area. An electron gun was used to ensure charge compensation during the analyses. Secondary ions were admitted in the double focusing mass spectrometer within a 100 µm entrance slit and focused in the center of a 4000 µm field aperture (100× magnification). They were energy-filtered using a 30 eV band pass with a 5 eV gap towards the highenergy side. 16 O and 18 O were collected simultaneously in multicollection mode in Faraday Cup detectors fitted with 10 10 Ώ and 10 11 Ώ , respectively. Each analysis included pre-sputtering over a 20 µm × 20 µm area for 30 s, and the automatic centering of the secondary ions in the field aperture, contrast aperture, and entrance slit, and consisted of 20 four-second cycles which give an average internal precision of ~0.16‰ (2 standard error (SE)).
External reproducibility during the analytical sessions was evaluated by repeating analyses in one single fragment of PAR-1. External reproducibility in this fragment was 0.3‰ and 0.4‰ (2σ) during the analytical sessions.
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Materials and Methods
Secondary Ionization Mass Spectrometry (SIMS)
The oxygen isotope analyses were made using secondary ion mass spectrometry (SIMS) for the analysis of different areas of selected sapphire grains in situ to measure oxygen isotope ratios with per mil (‰) level precision. For this technique, oxygen ( 18 O/ 16 O) isotope ratios were analyzed using a Cameca IMS 1280 multi-collector ion microprobe within the Centre for Microscopy, Characterisation and Analysis (CMCA), University of Western Australia (UWA). The materials examined included the 16 variously colored and zoned sapphire grains (AC-1 to AC-16), which were embedded in the middle of one-inch-diameter resin mounts and polished flat. Results were calibrated using the standard PAR-1 of Wang et al. 2019 [11] embedded in a separate mount and measured before and after unknown mounts. Each analysis point is clearly marked on the sample images (Figure 2a The sample mounts were carefully cleaned with detergent, distilled water, and ethanol in an ultrasonic bath and then coated with gold (30 nm in thickness) prior to SIMS O isotope analysis. For the oxygen isotopic analyses, secondary ions were sputtered from the sample by bombarding its surface with a Gaussian Cs + beam and a total impact energy of 20 keV. The surface of the sample was rastered with a 2.5 nA primary beam over a 15 × 15 μm area. An electron gun was used to ensure charge compensation during the analyses. Secondary ions were admitted in the double focusing mass spectrometer within a 100 μm entrance slit and focused in the center of a 4000 μm field aperture (100× magnification). They were energy-filtered using a 30 eV band pass with a 5 eV gap towards the highenergy side. 16 O and 18 O were collected simultaneously in multicollection mode in Faraday Cup detectors fitted with 10 10 Ώ and 10 11 Ώ, respectively. Each analysis included pre-sputtering over a 20 μm × 20 μm area for 30 s, and the automatic centering of the secondary ions in the field aperture, contrast aperture, and entrance slit, and consisted of 20 four-second cycles which give an average internal precision of ~0.16‰ (2 standard error (SE)).
External reproducibility during the analytical sessions was evaluated by repeating analyses in one single fragment of PAR-1. External reproducibility in this fragment was 0.3‰ and 0.4‰ (2) during the analytical sessions. 
Results
The high precision of oxygen isotope measurements using the SIMS method resulted in spot-to-spot reproducibility of 0.3% (2σ) during the analytical run, and individual spot analyses typically had errors of 0.5% (2σ). The oxygen isotope ratios δ 18 O (reported relative to Vienna standard mean ocean water or VSMOW) are presented in Table 2 . A summary of the results for each grain, along with characteristics of that grain are shown in Table 3 . The complete SIMS oxygen isotope analytical results for the Orosmayo sapphires and PAR-1 ruby are given in Supplementary Materials Table S1 . There was large variation between the different grains analyzed, overall from +4.1 to +11.2 δ 18 O% , and a measurable variation within sample AC-3 up to 1.6% (Table 3) . Although this variation is caused by the one outlier point (spot 3, also see Figure 3 ), sample AC-1 also showed a variation of 1.5% without any clear outliers (Table 3 ). There was no consistent zonation in terms of core to rim variation amongst the sapphires analyzed. This would suggest much more complex growth mechanisms than simply from core to rim, which is also suggested by the occurrence of complex sector-zoned sapphires and these have the highest oxygen isotope values. Other methods, such as a detailed cathodoluminescence study, would help in understanding the growth zonation and possible growth mechanisms. The lowest values correspond to apparently unzoned blue sapphires and the highest values mostly occur within sector zoned sapphires. 
The high precision of oxygen isotope measurements using the SIMS method resulted in spot-tospot reproducibility of 0.3‰ (2σ) during the analytical run, and individual spot analyses typically had errors of 0.5‰ (2σ). The oxygen isotope ratios δ 18 O (reported relative to Vienna standard mean ocean water or VSMOW) are presented in Table 2 . A summary of the results for each grain, along with characteristics of that grain are shown in Table 3 . The complete SIMS oxygen isotope analytical results for the Orosmayo sapphires and PAR-1 ruby are given in Supplementary Materials Table S1 . There was large variation between the different grains analyzed, overall from +4.1 to +11.2 δ 18 O‰, and a measurable variation within sample AC-3 up to 1.6‰ (Table 3) . Although this variation is caused by the one outlier point (spot 3, also see Figure 3 ), sample AC-1 also showed a variation of 1.5‰ without any clear outliers (Table 3 ). There was no consistent zonation in terms of core to rim variation amongst the sapphires analyzed. This would suggest much more complex growth mechanisms than simply from core to rim, which is also suggested by the occurrence of complex sector-zoned sapphires and these have the highest oxygen isotope values. Other methods, such as a detailed cathodoluminescence study, would help in understanding the growth zonation and possible growth mechanisms. The lowest values correspond to apparently unzoned blue sapphires and the highest values mostly occur within sector zoned sapphires. 
Discussion

Oxygen Isotope Groupings
Although there is a continuous spectrum in terms of trace element chemistry and δ 18 O values, five main groupings are apparent: Group 1 (n = 4) comprises the blue sapphires and has δ 18 O% 4.1-5.9; Group 2 (n = 2) comprises pale lilac-blue sapphires with δ 18 O% 5.4-6.7; Group 3 (n = 2) consists of one star sapphire (AC-1) and a blue-lilac sapphire (AC-5) with δ 18 O% 7.5-8.9; Group 4 (n = 3) comprises a pale blue sapphire (AC-10), a star sapphire (AC-15) and a sector zone colorless-blue sapphire (AC-16) with δ 18 O% 8.6-9.6 and Group 5 (n = 1) is a sector zoned colorless-blue sapphire (AC-11) with δ 18 O% 10.6-11.2. These groupings, along with a summary of their trace element chemistry based on Harris et al. (2017) [15] are shown in Table 4 . Collectively, there is a range in δ 18 O from 4.1% to 11.2% and a range in Ga/Mg of 0.3-10.4 (average range of 0.73-7.7) but no correlation or apparent relationship between Ga/Mg and the oxygen isotope values. Importantly, Baldwin et al. (2017) [19] found that sapphire megacrysts from the Siebenbirge Volcanic Field of Germany had a wide Ga/Mg of 1.0-23.4 and ascribed this to the influence of a carbonatitic melt in the crystallization of the sapphires. The range in Ga/Mg values for Jujuy Province sapphires at 0.30-10.40 fits well within this range and, based on this alone, would tentatively suggest a similar mechanism of formation. However, interpretation of Ga/Mg ratios in sapphires must be treated with caution as [20] found an even larger range in Ga/Mg for Australian basalt-hosted blue-green-yellow (BGY suite) sapphires with 0.24-31.60 for the Yarrowitch field and 0.17-193 for the Barrington field. This collectively lends support to the views of Baldwin et al. (2017) [19] and Palke et al. (2017) [21] who suggested that Ga/Mg ratios are not good discriminators for sapphire origin. 
What Do the Oxygen Isotopes Tell Us about the Primary Source for Jujuy Sapphires?
A framework on the interpretation of the geological origin of gem corundums using the 18 [3] [4] [5] 11, 13, 20, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . A summary of worldwide oxygen isotope values for gem sapphires, along with their host rock and Ga/Mg ratios, is presented in Table 5 . In a study of sapphires from the French Massif Central basaltic field, Giuliani et al. (2009) [25] found two distinctive groups. The first group with δ 18 O from 4.4% to 6.8% were believed to have crystallized from felsic magmas in the upper mantle while the second group with higher δ 18 O from 7.6% to 13.9% were believed to have been derived from lower crustal granulites. However, the oxygen isotope range for Jujuy sapphires spans across both of these groupings. Critically, the study of Harris et al. (2017) [15] showed that for Jujuy sapphires, there is a continuous spectrum Minerals 2019, 9, 390 9 of 13 in composition with significant trace element variation within single grains. This strongly suggests crystallization from the same source but under variable metasomatic conditions. Table 5 .
Summary of worldwide oxygen isotope ranges and Ga/Mg for some sapphires (n.d = not determined).
Color
Host In a study of carbonatites from Brazilian alkaline complexes, Santos and Clayton (1995) [18] found that the non-fenitized carbonatites from Jacupiranga had significantly lower oxygen isotope ratios (6.6-7.3) compared to the fenitized (i.e., K and Na metasomatism; Elliott et al. 2018, [35] ) carbonatites of Araxa (9.7-16.3), Catalao (7.3-19.3), and Tapira (9.7-15.4). Zappettini et al. (1998) [17] analyzed a range of carbonatites from Jujuy Province and found that oxygen isotope values for magmatic carbonatites (13.5-21.1), metasomatic carbonatites (12.9-21.6), and hydrothermally altered carbonatites (17.3-22.2) overlapped each other but that magmatic carbonatites had lower values in general. They also analyzed one carbonatized lamprophyre sample which gave a value of 14.2 within the field of the magmatic carbonatites. The range in oxygen isotope compositions for Jujuy sapphires is much lower than all of these analyzed carbonatites and the lamprophyre from this region [17] . However, Harmon et al. (1981) [36] analyzed volcanic rocks from Cerro Galan in Catamarca Province, 400 km to the south of Jujuy, and found that these calc-alkaline volcanics had a range in oxygen isotope values from 8.3 to 10.7, and had formed directly from mantle-derived magmas but with likely partial crustal assimilation during ascent. This range is well within that of Groups 3-5 from the Jujuy suite. Additionally, the Brazilian fenitized carbonatites have a very similar range and would tentatively suggest that there was significant metasomatic influence in the Jujuy sapphire-forming environment, especially for the sapphires with the highest oxygen isotope ratios (Figure 3 ). It also suggests influence from an additional underlying deep source that had lower values than those for the carbonatites previously analyzed from Jujuy Province. This metasomatic influence would have been highly variable, as suggested by the wide range in oxygen isotope ratios and trace element contents and ratios for the Jujuy sapphires as shown by Harris et al. (2017) [15] .
As suggested by Baldwin et al. (2017) [19] , a possible origin of sapphires from carbonatitic melts could be identified by undertaking oxygen isotope measurements on the sapphires as, in general, carbonate-associated sapphires generally have higher isotopic ratios [1] , as seen for the higher range amongst the Jujuy sapphires. However, interpreting such data would be problematic as there are no data available on oxygen isotope fractionation between corundum and co-existing carbonatitic melt [19] .
Origin of Jujuy Sapphires
Any model proposed for the genesis of the alluvial Jujuy sapphires needs to account for (1) a predominant metamorphic source signature, and a less prominent mafic-ultramafic association and contrasting felsic/acidic association; (2) elevated Si contents, and unusually high Ga content for metamorphic sapphires (i.e., typically >100); (3) enrichments in Be, Nb, Ta, Sn, Th, and U within syngenetic rutile growths; (4) elevated light rare earth element (LREE) concentrations; (5) a bimodal mineral inclusion suite, including sulfides, feldspar, phosphates, and likely LREE-bearing minerals; (6) the range in Ga/Mg from 0.88 to 7.33; (7) significant variation in trace element contents, ratios, and oxygen isotope ratios within single grains; and (8) a wide but continuous range in oxygen isotope values from 4.1% to 11.2% .
Given the presence of LREE-bearing inclusions and elevated LREE concentrations, it is possible that these elevated contents were the result of a carbonatitic parental melt. This is possible given reports of REE-bearing carbonatites within Jujuy Province. Based on δ 13 C and δ 18 O isotopic studies, Zappettini et al. (1998) [17] suggested that these carbonatites formed by the crystallization of carbonate magma with subsequent formation of metasomatic and hydrothermal carbonatitic veins. This is akin to the variably fenitized carbonatites from Brazil as shown above. Similarly, nearby Rio Grande monchiquites (163 ± 9 Ma) were shown to have been derived from heterogeneous enriched lithospheric mantle metasomatized by carbonatite fluids involving significant magma mixing (Hauser et al. 2010 ) [37] . Similar processes, involving exchanges between a carbonatite (Si-poor) and mantle-derived acidic magma (Si-and Ga-rich) could, in turn, be responsible for sapphire-bearing lamprophyre formation (e.g., the plumasite model; Peucat et al. 2007 ) [38] within Jujuy Province (e.g., Zappettini 1989) [39] . Factor analysis on Jujuy sapphires by Harris et al. (2017) [15] showed a largely continuous linear grouping from the metasomatic field of Giuliani et al. (2014) [4] into their plumasite field. The one exception to this trend was the star sapphires (i.e., the sapphires with the highest oxygen isotope ratios) which formed a distinctly separate grouping within the plumasite field of Giuliani et al. (2014) [4] . This once again provides supporting evidence for a sapphire-crystallization environment involving highly variable metasomatic interaction.
Collectively, the in situ study of Harris et al. (2017) [15] and this in situ study provide crucial evidence for understanding the origin of Jujuy sapphires. Based on their study of surface features, mineral inclusions, and major and trace element chemistry, Harris et al. (2017) [15] concluded that the Jujuy sapphires crystallized via metasomatic fluid exchange between an evolved crustal felsic system and intruding coeval mantle-derived carbonatized lamprophyres as part of a regional-wide alkaline magmatic event within NW Argentina during the Lower Cretaceous. Oxygen isotope ratios for the Jujuy sapphires largely support this model but allow us to go one step further and suggest that the influence of carbonatites on sapphire crystallization was greater than previously thought, and that the localized sapphire-former crustal environment was more complex, involving episodic interactions between mantle-derived lamprophyres, mantle-derived carbonatites, lower crustal felsic magmas and, most likely, both mantle and lower crustal metasomatic fluids. As stated by [15] , such a complex interplay of widely diverse magma and fluid compositions would induce localized desilicification reactions that would lead to localized sapphire crystallization. Based on all of the available evidence, we suggest that most of these interactions would have occurred at the crust/mantle boundary, with initial crystallization within the upper mantle (i.e., sapphires with lower oxygen isotope signatures of 4.12-6.50) then continuing crystallization within the lower crust (i.e., sapphires with oxygen isotope signatures >6.50).
The wide range in chemistry and oxygen isotope compositions but within a single comagmatic group is explained by the degree and type of interaction (i.e., carbonatite-lamprophyre vs. carbonatite-granite) between these magmas/fluids, with some crystallizing at lower crustal levels as suggested by Palke et al. [21, 34] for sapphires from Montana, USA. The large within-grain variation seen in trace element contents, trace element ratios, and oxygen isotope ratios is highly suggestive of a geochemically dynamic environment with rapidly changing degrees of interaction between the various diverse fluid and magmatic components, as described above.
This model accounts for the dominant metasomatic signature, while also accounting for the mafic-ultramafic (i.e., carbonatitic and lamprophyric magmas) and felsic (i.e., mantle-derived enriched acidic magmas and/or granitic anatectic melts) associations. It also accounts for the bimodal mineral inclusion suite, enrichment in LREE, Ga/Mg ratios, and range in trace element and oxygen isotope compositions within a single sapphire group that crystallized at the same time but across the crust-mantle boundary. The oxygen isotope values and range provide additional support to the initial hypothesis of [40] , who proposed that the Jujuy sapphires formed via metasomatic exchanges between REE-bearing carbonatites and an evolved felsic magma during the Cretaceous (150-110 Ma), and were then subsequently incorporated as xenocrysts within lamprophyre dykes.
Conclusions
In situ SIMS oxygen isotope analyses on the Orosmayo sapphire suite revealed that they have values spanning a continuous range from +4.1 to +11.2 δ 18 O% , with measurable variation within individual sapphires. Based on their trace element geochemistry, geochemical ratios, and oxygen isotopes, although there is a continuous spectrum of compositions, the sapphires can be subdivided into five suites reflecting different degrees of interaction between the various fluid/magmatic components involved in sapphire formation. Both the previous geochemical work and this study suggest that the Jujuy sapphires crystallized through the crust-mantle boundary in a localized environment involving episodic interactions between mantle-derived lamprophyres, mantle-derived carbonatites, lower crustal felsic magmas and, most likely, both mantle and crustal metasomatic fluids. This complex interplay of widely diverse magma and fluid compositions would induce localized desilicification reactions, leading to localized sapphire crystallization. This study reinforces the importance of carbonatites on sapphire crystallization. The significant range in trace element chemistry and oxygen isotope ratios within individual grains stresses the critical importance of undertaking in situ analysis on gem corundums in order to fully understand their environment of formation and to aid in their geographic typing.
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